Long-term preCIpitation records from Montana, Idaho, Wyoming, Utah and western Colorado were obtained and carefully screened for missing data and station relocations. Each record was divided into five seasonal series and tested for homogeneity. Most of theunhomogeneous records were for the winter season, whereas there were fewest for summer and late summer seasons. Those seasonal records considered to be homogeneous were then used to examine the spatial variation of precipitation anomalies decade by decade (1891-1900, 1901-1910, etc.) When the entire secular period is considered the recent "normal" is anomalous; in particular, summer precipitation has been unusually high and winter precipitation relatively low. One hundred years ago the climate of the Rockieswas characterized by wetter winters and springs but much drier summers (and in some areas) drier falls compared to the post-1940 climate of the region. 
Introduction
The Rocky Mountain region is one of the most rugged and diverse physiographic provinces in the United States. Perhaps because of this fact, the climatic characteristics of the area even today are not wellknown (Bryson and Hare, 1974) though recent studies (e.g., Mitchell, 1969) have attempted to simplify the climate by removing the effects of topography. There has also been much recent work connected with shortterm forecasting and this has indirectly shed light on the synoptic characteristics associated with particular precipitation and temperature patterns (see, for example, Korte et at., 1969 Korte et at., , 1972 Jorgenson et at., 1967; Klein, 1965; Augulis, 1969, 1970a and b; Sullivan and Severson, 1966a,b) . Nevertheless, compared with the rest of the United States the area has been relatively neglected in terms of climatological studies, particularly those concerned with climatic variations in the secular period. The work presented here has been directed towards this gap in our knowledge. operated in the area from 50 to approximately 100 years without any serious interruption in location. Precipitation was studied in detail because of its significance in terms of potential cloud seeding operations throughout the Rockies in the near future and because of its importance to tree growth in the area (Fritts, 1966) and hence to dendroclimatic reconstructions. Bradley (1976a) has discussed previous studies of climatic fluctuations in the area and outlined late 19th century fluctuations in precipitation throughout most of the western United States. In this study the focus has been on continuous data, from stations which have Z. Initial data survey
The search for long-term records was confined to the states of Montana, Idaho, Wyoming, Utah, and western Colorado. In the initial data survey (using a criterion of at least 50 years of record to 1970) approximately 260 precipitation records were noted in the study area. These stations were then carefully screened 1) to assess the amount of missing data, and 2) to assess the number of times the recording station was moved during the period of record.
In the former case, monthly values were divided into seasonal units and the number of missing months in each season for the entire record length was assessed. Any station/season record with more than 5% of the monthly values absent was rejected. Any interpolated values already in the published record were assumed to 514 MONTHLY WEATHER REVIEW VOLUME 104 be correct and were not recomputed or considered in calculating the 5% missing data limit. On the question of station relocations, considerably more difficulty was encountered; station histories are poor in most cases. At nearly all stations, the original sites of observations are poorly known or not known at all, and station movements were seldom carefully noted. The U. S. Weather Bureau Publication, Substation History, for each state was an attempt to remedy this situation, but unfortunately many of the entries therein are ambiguous or uninformative. For example, the section "distance and direction from previous site" is absent on many of the earlier forms and a change in the elevation listed may be the only indication of an apparent move. Also, in some cases a "new location" entry is made each time there is a new observer, but the information given is frequently insufficient to tell whether this event was also associated with a new location of the observing station. In view of these problems, attempts to screen out those stations which may have experienced frequent moves were inevitably inadequate. Nevertheless, a procedure was followed which did result in the elimination of a considerable number of stations whose station histories indicated large and/or frequent moves which were likely to result in inhomogeneities in the record. The criteria for rejection were arbitrarily chosen; any move of greater than one mile was considered too large and more than an average of one move per fifteen years of record .was considered too many. In either case the station was rejected. When doubt existed as to the character or authenticity of a station move, the record was assumed to be acceptable pending subsequent statistical investigations of homogeneity (see below).
As a result of these somewhat arbitrary data quality standards, the initial selection of 260 precipitation station records was reduced by about one third. The stations chosen are identified in Bradley (1976b, Figs. 37-40) .
Missing data
Because only a few stations in the study area have no missing data, some monthly values had to be interpolated at most stations. As noted above, this ranged from one or two months to 5% of a seasonal record.
Interpolation is normally carried out using. two records, one from the station (Q) which has missing data, the other from an adjacent station (A). In the case of precipitation, the ratio of the means for corresponding periods (Q)/ A is first calculated. Then the missing monthly value at station Q is estimated to be the product of the corresponding monthly value at station A and the ratio of the means (Conrad and Pollack, 1950, p. 235) .
In this study a slightly different procedure was followed which was found to give estimates generally as good as, or better than, the above method. 1 In choosing' "adjacent stations," selection was limited to those long-term stations already isolated in the earlier data survey in order that the longest possible parallel records could be used. Shaded topographic relief maps were used to examine the location of stations nearest the key station. By assessing three factors-elevation distance, and topographic situation (with respect t~ mountain ranges and divides in particular)-the most suitable record to be used for interpolation was chosen.
It was felt that the interpolation method used Was adequate for this study because: 1) the amount of missing data had been previously restricted to a maximum of 5% of anyone season, 2) monthly values were being interpolated whereas in the statistical analyses which followed, seasonal totals were examined, 3) all seasonal series were to be tested for homogeneity after 'the interpolation of missing values (see next section).
The homogeneity of records
A fundamental prerequisite for studies of secular climatic change is that the station records are homogeneous. This implies that a given record is equally representative of climatic conditions in the vicinity of the station throughout the entire period of its operation. In practice, of course, stations are often moved, some observers may be less diligent than others, and exposures may not be ideal. Indeed, even if a station had an ideal exposure in 1900 and was never moved, its exposure may have deteriorated over time due to the construction of buildings nearby or simply the natural growth of trees (e.g., Lawrence, 1970) . Furthermore, many of the longest records are associated with the growth of an urban center where the local climate has gradually been modified over time (Landsberg, 1970) . Conrad and Pollack (1950) distinguish two types of inhomogeneity; absolute and relative (see also, J. M. Mitchell, 1961) . A precipitation series is said to be relatively homogeneous with respect to a synchronous series at another. place if the "ratios of pairs of homologous averages constitute a series of random numbers that satisfies the law of errors" (Conrad and Pollack, 1950, p. 226) . However, as pointed out by Mitchell et al. (W.M.O., 1966) , the evaluation of relative homo-I Suppose there are two series:
A new series of ratios is computed such that
When the Q and A series are seasonal precipitation totals, the distribution of the Z series is highly positively skewed and the median ratio is selected to compute an estimate of the missing
geneity is only a step towards ascertaining if a record is absolutely homogeneous, i.e., if, by itself, the record is representative of purely natural variations in the climate of the area immediately surrounding the recording si teo Unfortunately, the evaluation of absolute homogeneity is very difficult, if not impossible, in practice. Tests of absolute homogeneity usually require the construction of a "regional climatological series" (comprising the average of a number of adjacent records) with which the key station in question is tested. This generally involves computing a series of ratios of precipitation totals between the regional and key station records and testing the resulting series for non-randomness at a suitable significance level. However, in constructing a "regional climatological series" one is faced, inevitably, with assuming that some if not all of the station records to be used in constructing the regional series are homogeneous and of course this may not be so. There is, then, a danger of circular reasoning in the concept of absolutely homogeneous records, and in practice the best that can be achieved is a somewhat stronger evaluation of relative homogeneity than a simple test of relative homogeneity between one or more individual records.
In this study, further problems arise in using the classical tests of both relative and absolute homogeneity. Evaluation of homogeneity rests on the idea that the station record being evaluated is representative of its surrounding area, but in a mountainous region the problems of determining how large an area a particular station represents are formidable. Furthermore, when selecting the longest records in an area it is generally impossible to find stations in the immediate vicinity which have records as long as the record in question. Finally, in dealing with a large number of records, as this study does, the problems of acquiring long-period data from a dense network of stations close to each key station in question makes detailed studies of absolute homogeneity at each station an immense undertaking.
Because of all these problems the procedure used here to evaluate homogeneity was a compromise between computational costs, practical considerations of data availability, and the potential meaningfulness of exhaustive . . tests, given the :extremely diverse topography of the study area. Nevertheless, it is felt that the careful application of the criteria outlined below were sufficiently stringent to preclude the incorporation of inhomogeneous records into subsequent statistical analyses. No attempts were made to adjust records which were thought to be inhomogeneous.
Testing for homogeneity
Tests of homogeneity generally involve the null hypothesis that series of ratios (or differences) between stations exhibit characteristics of a random series. This may be assessed by graphical techniques (Conrad and Pollack, 1950, p. 231; Kohler, 1949; W.M.O., 1966) or by statistical tests for alternatives to randomness. In this study, the latter were preferred as graphical analyses are often difficult to evaluate objectively. The following procedure was used: for each station in question (hereafter referred to as the key station), the nearest long-term stations' which had records as long or longer than, the key stations were identified. Five seasons were then chosen (spring: April and May; summer: June, July and August; late summer: July, August and September; fall: September and October; winter: November, D'ecember [year 1J, January, February and March [year 2J) and seasonal totals of precipitation were computed.
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Seasonal ratio series were constructed by dividing one of the series term by term, into the other. This new series was tested for non-randomness using the Mann-Kendall non-parametric statistic (Mann, 1945; Kendall, 1970) . This is a general test of randomness ag~inst the alternative of trend (linear or otherwise) as trend is the form of non-randomness most likely to appear in the ratio series (W.M. O., 1966) . A computed T value exceeding the 95% probability point was taken to indicate that one of the two stations had an inhomogeneity in the seasonal record being examined. The problem was, which one? By comparing each seasonal record with two or more other seasonal records it was possible in many cases to isolate the inhomogeneous record in the following way. If a seasonal record was found to be inhomogeneous with respect to another record of comparable length and a second record of comparable length or shorter, the record was rejected. These criteria were generally adequate to isolate the most questionable records, and by removing these from the matrix of significant T values generally only a few questionable pairs remained (see Bradley, 1976b , Table 6 ). These remaining pairs of records were noted as "suspect" and were rejected from many of the subsequent statistical analyses. Such precautions eliminated some records which might have been in reality acceptable, but it was feItthat stringency was necessary in view of the problem of evaluating homogeneity in the area ..
Those seasonafrecords which were rejected or designated suspect in this manner are to be found in Bradley, 1976b (Tables 7-11) , and an example is given in Table 1 . Only those stations which survived the initial screening for station movement and missing data (as outlined above) are included fn the table. The stations are arranged by record length and it should be noted that the longest station record in each state was in- 1910 1910 1910 1910 1911 1911 1911 1911 1911 1914 1914 1914 1915 S R evitably only partially tested. In all seasons there are no clear regional patterns of inhomogeneity. Table 2 summarizes the results of the homogeneity tests. It is interesting to note that the number of station records rejected or suspected is considerably higher in winter than in summer months (an average of 44% of winter recor!is compared with 18% of summer or late, summer records). As most of the precipitation in the area falls as snow during t1i~ winter months, it is likely that problems of accurately recording snowfall (Leaf, 1962) are often responsible for inhomogeneities in the records. Snowfall recording problems may also be reflected in the number of records rejected or suspected for spring and, fall seasons when precipitation falls in the form of both rain and snow. Of all the seasonal records examined, 26% were rejected or suspected of inhomogeneities.
Before the data are analyzed further, it is of interest to see if the long-term station network adequately represents the topographic and elevational diversity of the Rocky Mountain region. The average elevation of the stations selected is 4866 ft, ranging from 1260 ft at Kooskia, Idaho, to 9322 ft at Silverton,. Colo. (Table 3 ). Clearly the stations chosen do not reflect in detail the diverse topography of the area; however, they can be considered to represent a topographic surface across the region as shown by the contours of station elevation in Fig. 1 . Analyses of the data must be interpreted in terms of this "station-elevation" surface within the context of the "real" topography of the area. A comparison of station elevations with a hypsometric division of the study area indicates that the elevation zone below 5000 ft (38% of the area) is over-represented by the long-term station network (53% of stations selected). The higher elevation zones (> 5000 ft) are under-represented (62% of area and 47% of stations). In particular, that part of the study area above 10 000 ft (6% of the region) is not represented at all, as there are no long-term stations at such elevations. In fact, there are very few high elevation stations with even 30 years of record , as shown in Table 4 . Only one station> 10000 It in the entire study area has operated over a 30-year period and there are only eight such records for elevations >9000 ft(7 in Colorado, 1 in Wyoming). In the statistical analyses that follow, this problem of sampling the "real" topographic and climatological diversity of the region must be considered; for example, conclusions reached may not apply to the very high elevation parts of the region. Nevertheless, the author is confident that the stations chosen represent the optimum long-term station network for the area both geographically and with elevation.
D ecadal seasonal precipitation maps (1891-1970)
In order to investigate the spatial distribution of precipitation change over time in the study area, maps of decadal seasonal precipitation from 1891-90 to 1961-70 were prepared (Figs. 2 to 5 ). ·The seasonal average precipitation at each station for each decade was compared with the average for 1941-70 and expressed as a deviation from the 1941-70 mean, in terms of the standard deviation for 1941-70 at each station. The value plotted at each station (x) is thus a standardized or Z-score; thus,
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. " needed before "anomalous" points would be identified by isopleths. All rejected stations (see above) were omitted from the analysis; suspect stations were used to supplement the other data points but were not used to construct isopleths unless other "acceptable" stations in the area appeared to support the suspect stations. Statistical significance of the decadal averages from 1941-70 "normals" was assessed by means of Student's t statistic. Those decadal averages which were significantly different from .1941-70 averages at <5% level are identified on the maps, indicating those areas and periods in which the most important moisture surpluses and deficits have occurred. In addition, seasonal precipitation records were examined for trend using the Mann-Xendall rank statistic (described above). Although the data bank contained records of varying length, all records span the 51-year period 1920-70, so trends during this period were e~amined. Only those stations which were not rejected or "suspect" were chosen for this part of the study. Those records which gave st.atistically significant T values and maps of T values for each season are given in Bradley (1976b) . In general T values were negative (precipitation values declining) over most of the region in spring, fall, and winter, whereas summer T values were positive, particularly in southern Idaho.
a. Spring
In most areas precipitation totals in the period 1941-70 were higher than in the previous 30-year period (1911-40) . Increases were most marked in Idaho, Montana, and northern Wyoming, whereas in Utah and Colorado about half of the stations showed increases and half decreases. Overall, more than 70% of stations with 60 years or more of record showed increases from 1911-40 to 1941-70.
The relatively high averages for 1941-70 are mainly the result of . heavy spring precipitation in the 1940's and 1960's. In the 1940's (Fig. 6 ) precipitation was the maximum for 60 years over most of western Colorado, southern Wyoming, southeastern Idaho, and the Idaho panhandle. 3 In the 1960's maximum precipitation was recorded at stations in central Utah, southern Montana, northern Wyoming and the upper Snake River valley of Idaho. In most areas, therefore, the period 1941-70 was anomalous in terms of spring precipitation amounts over the last 60 years. However, precipitation in the 1890's and 1900's was relatively high at most stations with records for this period, the main exceptions being Idaho stations in the 1900's. As a result, the few records for the 30-year period 1881-1910 indicate relatively high spring precipitation amounts compared to the subsequent 60 years.
Precipitation was well below average over much of the area in the 1930s and over Montana, Idaho and Utah no other decade in the entire period 1891-1970 was as .
"'
10. in spring months.
FIG. 6. Periods of decadal precipitation maxima
dry. In fact, 70% of stations in these states recorded lowest spring precipitation in the 1930's. The most significant "anomalies" were in northern Idaho and western Montana. In Wyoming and Colorado, however, no single decade stands out as a clear minimum.
b. Summer
The summer precipitation record is quite different from other seasons being characterized by three periods of high precipitation which affected different parts of the study area to different extents. These three periods are, in order of increasing importance, the 1920's, 1940's, and 1960's. Considering the entire period 1891 to 1970, precipitation was at a maximum in the 1960's over a wide area including the Snake River basin, northwestern Utah and the Colorado River basin, northwestern Wyoming, and southern Montana (Fig.  7) . In northern Idaho and most of Montana, precipitation was heaviest in the 1940's, whereas maximum precipitation was reached in the 1920's in the Colorado mountains and in eastern Wyoming. It should be noted, however, that precipitation was well below "normal" at many stations in the northwestern half of the region in the 1920's, particularly western Idaho and western Montana. These patterns may reflect the dominant influence of storms from the Pacific across northern parts of the region in the 1940's, whereas in the 1960's storms may have entered the region more from the Great Basin area and the southwest, to be channeled along the Snake River and Colorado River basins The 1920's maxima over eastern parts of the regio~ may be related to the predominant influence of storms from the Gulf of Mexico during this period.
Because of the relatively high precipitation totals over much of the area in the 1940's and 1960's, other decadal maps show a pattern of predominantly below 1941-70 average values. All stations in the 1890's and over 75% of stations in the 1900s were below "normal." In the 1910's, precipitation was also generally below average except for the Colorado River basin in Utah and parts of the southwestern Colorado mountains. In the 1930's and 1950's precipitation was well below average over virtually the entire area. In particular, the 1930's were extremely anomalous in the northwestern part of the region; 70% of stations in Montana and almost all stations in the Idaho panhandle showed highly statistically significant differences from 1941-70 averages. This is similar to the spring pattern of the 1930's, but even more anomalous.
In view of these facts, it is clear that the 30-year "normal" for 1941-70 is probably the most anomalously wet period in this area for at least the past 80 years. If the historical data for 1866-1890 are considered (Bradley, 1976a) markedly below the 1941-70 average in all areas except the extreme northern parts of Idaho and northwestern Montana, it is very probable that summers in the period· 1941-70 were, on average, wetter than for any comparable period in at least the last 110 years.
c. Fall
As in other seasons already discussed, fall precipitatiori was relatively heavy in the 1910's and 1920's (in all areas except northern and western Idaho) and the 1940's (except in northwestern Colorado). The 1960's were also relatively wet over much of the region, the principal exceptions being northern Idaho, northern Montana, and central Wyoming. The 1950's, on the other hand, were extremely low in fall precipitation in all areas except the Idaho panhandle (where the 1920's were lowest) and part of the Colorado River basin in Utah (where the 1930's were lowest) (Fig. 8 ). Excluding these two areas, over 85% of stations recorded in the 1950's their lowest decadal totals for at least 60 years (the 1900's were even drier in some ·cases). Data for the 1890's are scarce, particularly in the eastern half of the region, but it appears that Idaho, Utah, and western Montana, at least, were above average. In short, the 1890's(?) 1910's, 1920's, 1940's 
d. Winter4
Over much of the western region-Idaho, western Montana, western and central Utah, and western Wyoming-precipitation in the period' 1941-69 was considerably above the average for the previous 30 years. This is mainly due to relatively high precipitation receipts over Utah, western Montana, and western Wyoming in the 1940 's and 1950 's, and over Idaho in the 1940 's and 1960 s. The pattern of anomalously high precipitation in the 1950's is almost the inverse of th~t in the 1960's when precipitation was below average m almost all areas except eastern Idaho, central and southern Montana, and southern Utah. However, it is of interest that about 24 stations received their highest decadal average of winter precipitation for 50 years in the 1960's. Further examination of these stations indicates they are at relatively high elevations in each state. The four stations in Wyoming and Colorado, for example, are among the eight highestelevation stations in these states. A similar pattern, though with more low-elevation stations included, is 'Although "decadal" averages are referred to above, winter seasons were examined in nine-year intervals so that data for the "1890's" extends from November 1891-March 1892 to November 1899-March 1900, etc. It is felt that this is representative of each decade, so the term decadal has been retained for convenience. The normal period for comparison extended from November 1941 -March 1942 to November 1969 -'-March 1970 (Sanchez and Kutzbach, 1974; Lamb, 1969) . For the period 1891-1910, although data are scarce, it appears that precipitation was relatively heavy (above 1941-70 averages) in both decades for m?st of the area. At a number of stations, in fact, maximum decadal precipitation for the 70 (or 80) year period was recorded in these decades.
.over the last 70 years, one pattern of precipitation deficit has frequently recurred. This is the pattern s~e~ in the 1910's 1920's 1930's and 1950's with low preClpItation amo~nts ce~tered over southern Idaho and extending to different extents northward over northern Idaho and western Montana, eastward over western Wyoming, and southward over north:rn. and cen.tr~l Utah. It is interesting that a pattern Similar to thiS IS shown by Sellers (1968) as the dominant December eigerivector of precipitation anomaly over the western United States (actually the inverse of Sellers.' example). A similar pattern is shown by the second eigenvectors for November and March, and certain features o~ the pattern can be seen in eigenvecto-rs for other wm.ter months. As Seller's analysis covered only the penod 1931-1966, it appears that this anomaly pattern has M 0 NTH L Y ; W EAT HER RE V. lEW VOLUME 104~
been common for at least the past 60 years and perhaps longer (c.f. LaMarche and Fritts, 1971) . It is also of interest that the low precipitation. receipts centered in the area of Idaho were lowest in the 1920's and 1930's, and that, although the pattern has recurred, the magnitude of the deficit has been less in recent decades. Over 70% of Idaho stations not suspect or rejected, for example, recorded lowest winter precipitation(I921-1969) in the 1920's (55%) or 1930's (18%).
In the rest of the region, wiriter precipitation at most stations generally decreased during this century. Furthermore, heavy precipitation over most of the area in the 1890's and 1900's (and over much of the area in the 1910's) suggests that a general decrease has affected the region for the last 80 years. Consideration of nineteenth century precipitation records for this area (Bradley, 1976a) indicates that precipitation was generally above 1951-1960 averages in the 1870's and 1880's (at least) and, therefore, it seems likely that winter precipitation over much of the region (except Idaho) has been considerably less in recent decades than was characteristic of the late 19th and early 20th centuries.
Concluding remarks
A consideration of the data presented here and in Bradley (1976a) indicates that seasonal precipitation totals over the Rocky Mountains and adjacent western . states have undergone very significant changes over the last 120 years. In particular the most recent "normal" period is very anomalous; precipitation totals in summer months have been unusually high and in winter months unusually low. One hundred years ago the ~limate of the Rockies was characterized by wetter winters and springs but much drier summers and (in some areas) much drier falls compared to the post-1940 climate of the region. Secular changes in precipitation throughout the world have received little attention in the literature, mainly due to a general skepticism regarding the quality and accuracy of precipitation recording procedures. Such skepticism is even more prevalent regarding 19th century data. However, this study has demonstrated that such an attitude is unwarranted. Early records were well kept, enabling broad-scale regional patterns to be discerned even in this topographically diverse region. Furthermore, even though recording precipitation (particularly snow) in mountainous regions is a problem and topoclimatic variations may be great, it is clear that by the judicious use of carefully screened long-term data, coherent and meaningful regional changes can be identified without resorting to techniques which artificially remove the effects of topography. Topography is clearly important to the total amount of precipitation received at any point (and indeed to the steering of some small-scale systems along broad basins such as those of the Snake and Upper Colorado rivers) but in terms of secular changes in precipitation, it appears to be of much less importance than the regional synoptic controls which determine the broad-scale changes observed. This. author thus concurs with Lamb's (1966) remark (made after studying precipitation changes in different parts of the world) that, It is gratifying to find that there are such simple trends of rainfall, changing nearly uniformly over wide areas and intelligibly related to the large-scale atmospheric circulation. This might not have been expected in view of the characteristically complex patterns that local rainfall amounts present, varying with all the intricate details of topography.
